The quadrupolar splittings of perdeuteriated n-decane dissolved in nematic phases formed by mesogenic dimers of the CBnCB series, for n=7,9,10,11 are measured throughout the entire temperature range of these phases. The results of the measurements, are reported together with related measurements using the common nematic phase of 5CB as a solvent for n-decane. The data obtained from the 13 C spectra of the cyanobiphenyl mesogenic units of the monomeric and dimeric solvent molecules yield the order parameter of those units. The information obtained from this set of experiments is used to elucidate the structure of the low temperature (NX) and the high temperature (N) nematic phases of CBnCB dimers with n=7,9,11. The polar twisted nematic (NPT) model is found to provide a consistent description not only of these measurements, but also of NMR measurements previously reported in the literature for these phases. These findings suggest that the high temperature nematic (N) is not a common, locally uniaxial and apolar nematic, but rather a nematic phase consisting of NPT clusters. The twistbend (NTB) model, often identified with the NX phase, is shown to be inadequate to account even qualitatively for crucial features of the experimental findings.
Introduction.
The definitive characterization [1] [2] [3] [4] of a second, lower temperature, nematic in the phase sequence of the symmetric, odd-spacer length, cyano-biphenyl dimers CBnCB, terminated a two decade uncertainty as to the nature of this phase. At the same time, this dilemma opened up what is presently the most vigorously researched topic in liquid crystal science: understanding the structure [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and potential applications [18] [19] [20] [21] [22] of the second, lower temperature nematic phase, hereafter referred to as NX. The phase was termed nematic because no positional ordering of the molecules could be detected experimentally [1, 2] . However, the NX phase in the odd-spacer length CBnCB dimers shows a distinct difference from its higher temperature nematic phase, a macroscopically uniaxial and apolar phase hereafter denoted by N for brevity. The NX phase exhibits a ~10 nm spatial modulation of the orientational ordering that persists over domain sizes exceeding the μm range. The structure of the NX phase remains debated because of an identification [23] with the twistbend nematic phase (NTB). Subsequent accumulation of experimental observations revealing inconsistencies of the NX properties with those implied by the NTB, such as the length scale of the spatial modulation and the symmetry of the local molecular ordering, led to the formulation [24, 25] of the polar twisted nematic (NPT) model. The latter has been successful in accounting for the main structural feature of the Nx phase, namely short-pitch modulation of the orientational ordering in the presence of complete positional disorder together with fundamental features of the molecular interactions as revealed by NMR spectroscopy. [25, 26] A distinguishing NMR signature of the Nx phase, which has been used to clearly identify the N-NX phase transition is the doubling of spectral lines associated with pairs of prochiral sites (enantiotopic discrimination). [2, 4, 7, 8] Such pairs show coincident residual dipolar and quadrupolar NMR spectral lines in the N phase. The appearance of enantiotopic discrimination indicates the loss of equivalence regarding the orientational ordering of the two sites that form the prochiral pair. [27] [28] [29] [30] The ordering of small rigid solutes in both nematic phases exhibited by dimers of the CBnCB series has been studied experimentally [2, 31] by NMR and the results were analysed consistently within the NPT model. [26] It was found that three distinct mechanisms could in principle underlie the appearance of enantiotopic discrimination in the NX phase. The primary mechanism, in the case of small solute molecules, is based on the polar orientational ordering of the solvent phase. This mechanism was shown to be incompatible with the NTB model. A second mechanism, applicable to larger solute molecules in addition to the first mechanism, results from the modulation of the orientational ordering, whereby different parts of a given solute molecule sample different ordering environments within the short-pitch (~10 nm) solvent phase. A third mechanism reflects directly the chiral asymmetry imposed on the dimer solvent molecules as a result of the modulation of the ordering: the dimers of the CBnCB series are intrinsically achiral and flexible whilst the modulation of the orientational ordering produces thermodynamically equivalent, short pitch, twisted domains of opposite handedness. Within each such domain, the conformational statistics of the dimer molecules are chirally biased, in the sense that a probability imbalance between enantiomer conformations is introduced, and thus the statistical achirality of these molecules is lost. In the NX phase, this third mechanism is expected to have marginal contributions due to the estimated smallness of the induced chiral imbalance on the (intrinsically achiral) solvent molecules. [24] [25] [26] The NPT model originated from a molecular theory [24] of the positionally disordered fluid phases that can be formed by idealized mesogenic dimers. Three such phases were obtained: an isotropic fluid at high temperatures, a common, uniaxial apolar nematic (Nu) at intermediate temperatures, below which a polar and twisted (NPT) phase appears. Briefly, the NPT phase has no axis of full rotational symmetry but only a polar director m , which is a local C2 axis undergoing tight twisting at constant pitch p, on the order of the dimer molecular length, while remaining perpendicular to a fixed direction, the 3 helix axis ˆh n . It is noted that the concept allows for a pitch length change with temperature.
Regarding molecular structures, the basic requirement for the formation of the NPT phase is molecular polarity. Such polarity typically originates from the molecular shape ("steric dipole"), most commonly encountered in V-shaped molecules, rigid or flexible. In the latter case, the statistically achiral molecules can acquire a net statistical twisting, induced by their tightly twisted environment within a domain of given handedness. Left-and righthanded twisting of m are thermodynamically equiprobable in an unbiased sample. Accordingly, such a sample is overall apolar and achiral and also macroscopically uniaxial. The second rank ordering tensors of any molecular segment have m as a common principal axis while the inversion ˆmm − is not a local symmetry operation. The purpose of this work is to probe the molecular structure in the two nematic phases of odd-spacer CBnCB dimers by means of NMR experiments on elongated flexible solute molecules. The elongated and flexible solutes may span a finite portion of the tight pitch in the NPT and are thus expected to provide information on the second mechanism described above, interactions emerging from the spatial modulation of the ordering in the NX phase. The flexibility of the solute molecules can also provide information on the extent of induced chirality imbalance in the twisted domains. Fully deuteriated n-alkanes were chosen as advantageous solutes for this study due to their simple structure, the ease of selecting the appropriate molecular elongation, and their very successful use and modelling as solutes in common nematic solvents. [32] [33] [34] The experimental results on n-decane are presented and analysed in the context of the NPT model. The analysis is extended to existing NMR measurements of CBnCB dimers in their nematic phases. [2, 35] A coherent description of such experimental results is obtained within the NPT picture of dimer organization in this tight-pitch NX phase.
Elucidating the molecular organization in the high temperature N phase formed by dimers which exhibit an NX phase is crucial to understanding the nature of the N-NX transition and eventually the NX phase itself. To that end, the same NMR techniques and analysis of the spectra used for the NX phase are also applied to the N phase of dimers, where no enantiotopic discrimination is observed. Two possible types of phase structure can be envisaged for this N phase:
1.
a locally uniaxial structure, described by a nematic director n that constitutes an axis of full rotational symmetry, as in "conventional" nematics which show no enantiotopic discrimination. This is the picture routinely adopted for the high temperature N phase, albeit without any definitive evidence. The N-NX phase transition in this case entails a change of local symmetry.
2.
a phase consisting of clusters having a polar twisted array of dimers-identical to the structure in the domains of the low temperature, NX, phase (i.e. locally polar, with a tightly twisting polar director), except that the spatial extent of these clusters in the N phase is much smaller than the domains in the NX phase. In short, the N phase in this picture consists of small NX clusters of opposite handedness. The rapid diffusion of the solute molecules among clusters of opposite handedness would wipe out any enantiotopic discrimination. And, the N-NX transition in this case signals the coalescing of the clusters to form macroscopic domains of the same symmetry.
A previous analysis, based on the NPT model, concluded that the NMR spectra obtained from small rigid solutes [26] would be compatible with either of the above two alternatives for the high temperature N phase. However, as shown in the present study, the detailed analysis of NMR spectra obtained from alkane solutes does differentiate between the two alternatives and, in fact, such differentiation favours the second alternative. The remainder of the paper is organized as follows. The next section contains the description of the NMR experiments and the presentation of the spectroscopic results. Section 3 relates the experimentally measured spectra to the orientational order in the solvent phase, in terms of the solvent-solute intermolecular interactions imbedded in the potential of mean torque (PMT). In section 4, the calculated spectra according to the NPT model are compared to the experimental NMR measurements described in section 2 as well as to measurements that have appeared in the literature on CBnCB dipolar couplings, both in the NX and its high temperature counterpart N. The results are discussed and the conclusions are drawn in section 5. Chemical structures and phase transition temperatures of relevant members of the CBnCB series are given in the appendix. The full synthetic details have been reported elsewhere. [36] Experimental details and a collection of NMR data are included in a Supplementary Information File.
2 H and 13 C NMR spectra in the nematic phases of CBnCB dimers.
The order parameters of the cyano group, i.e., the orientation of the -CN bond (para axis) of cyano-biphenyl terminated dimers with alkyl spacers with 7, 9, 10 and 11 methylene carbons, CB7CB, CB9CB, CB10CB and CB11CB respectively, and the ordering of the solute "probe" decane-d22 have been determined using carbon and deuterium NMR, respectively. The observations are plotted versus reduced temperature; the CBnCB dimer transitions are shown in Appendix 1.
Deuterium NMR: The 2 wt % decane-d22 in CBnCB and 5CB samples were prepared in 5mm O.D. NMR tubes and degassed using three freeze-pump-thaw cycles. Spectra were taken with a Bruker DMX360 FT NMR spectrometer with a modified probe to access the transition temperatures. 2 H NMR spectra were recorded at 55.3 MHz (Bruker DMX360 FT NMR spectrometer). The sample was mixed in isotropic phase, introduced into the spectrometer, and after equilibration to the desired temperature, 5000 scans were averaged with a spectral width of 100 kHz. A quad echo pulse sequence was used with a 90° pulse width of 2 μs (5 dB), 100 ms recycle time, and 18 and 10 μs between the first and second 90° pulse respectively. Figure 1 summarizes the 2 H NMR spectra of the decane-d22 solute probe in CBnCB dimer solvents (n = 7, 9, 10, 11) and the nematic 5CB solvent versus respective reduced temperatures. For simplicity, only the quadrupole splitting,  , of the methylene group adjacent to the methyl-the deuterons on the penultimate "C2" carbons of decane-are 5 plotted. (The experimental spectra and tabulated splittings values are presented in the Supplementary Information.) As the temperature decreases into the respective Nx phases, there is an obvious doubling of the C2 quadrupolar splittings for CB9CB and CB7CB; the splitting is not readily apparent in CB11CB (it is too small). The doubling of the C2 splitting is absent in the nematic phase of the even dimer CB10CB and the monomeric solvent 5CB.
The magnitude of decane probe ordering in CB10CB is significantly higher than that in the odd dimers and 5CB solvents suggesting a qualitatively different type of organization and/or interactions in the N phase for the even dimer. For the odd dimers the ordering of the mesogenic cores-the order parameter of the para-axes of the cyanobiphenyl units-is explicitly addressed by measuring the chemical shift anisotropy of 13 C NMR resonance of the -CN groups (see SI). The order parameters SCN initially increase steadily in the nematic phase and then begin to decrease as the Nx phase is approached for CB9CB, CB7CB; the temperature dependence of the monomer solvent 5CB is typical (See Fig. 2 ). Note that the CN order paramater shows a clear maximum at a reduced temperature which falls well within the N phase of CB11CB, beyond which the order parameter decreases with decreasing temperature both in the remainder of the N phase range and in the NX phase. An anlogous trend, albeit weaker, is observed in the temperature dependence of the order paramater of CB9CB. Similar nonmonotonic temperature dependences have been reported [37, 38, 14, 39] for other dimer compounds exhibiting the NX phase and suggest that the high temperature N phase of all these compounds is not a common (locally uniaxial, apolar, achiral) phase. We shall return to this point in more detail in sections 4 and 5.
As indicated in figure 2 , the degree of ordering and its temperature dependence differs for the four LC compounds shown. These differences are reflected in the quadrupolar spectra obtained from decane dissolved the respective compounds. To detect a possible solvent-dependence in the relative ordering of the decane segments we have scaled the methylene splittings with respect to the methyl splittings. This eliminates the differences in the extent of overall ordering in the different solvents and allows a comparison of the relative ordering experienced by the different methylene segments of the decane solute and for different solvents. The scaled splittings are plotted in figure 3 , as functions of the respective reduced temperatures, for the measured spectra of decane dissolved in the nematic phases of the CBnCB dimers with n=7,9,10 and also of 5CB. It is apparent from this figure that the reduced plots for the odd-n dimers and for 5CB are very close to having a common temperature dependence. This would suggest a common ordering mechanism of the decane chain solute in the different solvents. As the common element in these solvents is the mesogenic unit, a possible interpretation would be that (i) the decane solute is primarily ordered by interactions with the mesogenic units and (ii) the pendant chain in 5CB and the spacer chain of the odd-dimers either behave similarly, regarding their effects on the ordering of the decane solute, or these effects are marginal. On the other hand, the deviations of the scaled splittings obtained in the even dimer CB10CB solvent, mainly reflecting the elevated ordering of the terminal parts of decane (methyl group and adjacent methylene) relative to the central parts (methylenes 3,4,5), indicate possible differences in the ordering mechanism in the CB10CB solvent compared to the odd-spacer dimers. As will be discussed below, this could be related to the different organizational structure within the nematic phase formed by CB10CB and both nematic phases (the low temperature Nx as well as the high temperature N) formed by CB7CB and CB9CB. 
Relation of NMR Spectra to Molecular Ordering for Flexible Solutes in the Polar-Twisted Phase.
The NMR spectra analysed in this work involve deuterium residual quadrupolar couplings, 13 C chemical shift anisotropy and residual dipolar couplings. The spectroscopic observable [26, 30] obtained from a deuteriated site s belonging to a solute molecule is the residual quadrupolar splitting s  . In the case, typical of quadrupolar spectra obtained in nematic media, where the deuteriated site undergoes rapid reorientational motion on the time scale of the NMR measurement, the quadrupolar splitting is given by changes that modify the orientation of the deuteriated site relative to the direction Ĥ of the field. In a spatially modulated phase, as is the case of the NPΤ, where the polar axis twists along (remaining normal to) the helical axis (hereafter identified with the Z macroscopic direction), the averaging is also influenced by the changes of the position of the deuteriated site during the NMR time-scale. Thus, for a flexible solute molecule that (i) undergoes rapid reorientations, (ii) visits rapidly all the accessible conformations and (iii) diffuses rapidly, traveling several pitch lengths (h) within a domain of specific handedness in the NPT phase, the averaging indicated by the angular brackets in eq(1) for any molecular quantity Q is expressed as
n QZ  is the value of the quantity being averaged when the molecule is in its n-th conformation, has orientation ω and position Z along the helix axis. n E is the energy of the n-th molecular conformation; it is determined entirely from the intramolecular interactions within the solute. ( , ) n VZ  is the position-orientation-conformation dependent potential of mean torque (PMT); it is determined from the intermolecular interactions between the solute molecule and the molecules of the given domain of the solvent phase. The summation in eq (2) extends over all the conformations (assumed discrete and labelled by the index n) that are accessible to the solute molecule. The angular integration extends over all possible orientations  of a set of molecular axes ,,
x y z , rigidly attached to the solute molecule, relative to a phase-fixed macroscopic frame X,Y,Z. The positional integration extends over one pitch length of the periodic Z-modulation of the solvent phase. The probability n p of the flexible solute molecule to be found in conformation n within a domain of given handedness in the NPT phase is given according to eq (2) by the expression:
If during the NMR time scale the solute molecule diffuses rapidly enough to visit domains of opposite handedness, then the expression in eq (2) should be extended to include averaging over such domains. As shown in [26] , domains of opposite handedness differ only with respect to the signs of certain terms (see eqs (11) and (12) below) forming the potential of mean torque ( , ) n VZ  .
An expression analogous to eq (1) relates the order parameters to the spectra of 13 C NMR presented in section 2. The counterpart of expression (1) for the spectroscopic observables in the case of proton residual dipolar couplings is
where ij r denotes the distance between the , ij pair of nuclei and ˆi j e is the direction of the inter-nuclear vector; ij K is the dipolar coupling constant for the ij pair. Unlike the case of rigid molecules, where the inter-nuclear distance ij r is constant, for flexible molecules ij r could be strongly conformation dependent for certain nuclear pairs and therefore have a strong modulating effect on the averaging indicated in the right-hand side of eq (4) .
According to eq (2) the differences in the averaging in different solvent phases enter solely through the PMT ( , ) n VZ  . As shown for rigid solute molecules [26, 30] , the PMT can be derived from the solvent -solute intermolecular interactions and the molecular organization within the solvent phase. Explicit forms were derived for rigid solute molecules of different symmetries dissolvent in the common uniaxial nematic (NU), the chiral nematic (N*) and NX solvents. In the remainder of this section we extend the formulation of the PMT to flexible molecules. Strictly, one could apply the formulation used for rigid solutes to each molecular conformation of the flexible solute. Usually, however, this is not practically feasible due to the large number of conformations involved and their lack of sufficient symmetry elements. On the other hand, flexible molecules consisting of identical rigid repeat units can be more efficiently treated by approximate schemes which built the interaction of the entire molecule in terms of the interactions of its repeat units. Here we focus our attention primarily to the so-called segment-wise additive approximation, which has been successfully used in the past to describe flexible solute ordering in conventional nematic solvents in the context of the chord model. [33, 40] Systematic inclusion of non-additive contributions is straight-forward but will not be considered here. The reason for not including non-additive contributions is that the available experimental data are not sufficiently detailed to allow the quantitative evaluation of the effects of such contributions on the solute ordering.
A flexible solvent molecule is described as a collection of rigid submolecular segments jointed in a specific fixed sequence and allowed to rotate relative to one another. A conformation, defined by the set of rotation angles (continuous or discrete) of each such segment relative to its neighbours (or relative to a fixed molecular frame) defines a molecular geometrical configuration of the jointed rigid segments and is assigned a particular energy value n E , the conformational energy. Each rigid submolecular segment 1, 2, s = is assigned a segmental axes frame ,, 
representing the first rank (polar) term and appears in principle due to chiral imbalance induced to the (statistically achiral) dimer molecules by the twist modulation of the polar ordering in the NPT phase. This chiral imbalance would obviously be absent in case of NPT phases formed by strictly rigid molecules [41] and is estimated to be small in the case of flexible molecules. [24, 25] Accordingly, the chiral term in eq (6) has been argued [26] to have a marginal quantitative effect on the solute ordering and will be omitted in the calculations to follow. The tensor quantities appearing in the expressions of eq (8) In the additive approximation, the PMT for the entire solute molecule, appearing in eq (2), is simply the sum of the contributions from all the rigid submolecular segments forming the flexible molecule:
The segments in all the solvent and solute molecules considered in this study can be decomposed into just two kinds of submolecular segments: (i) CH2 segments, either as parts of the n-decane solute, or as parts of the spacer of the mesogenic dimers and (ii) CB mesogenic units, with their linkage to the spacer chain of the CB-dimers. The first and second rank contributions pertaining to these segments, according to eqs (6), (7) , as used in the present modeling of the additive PMT, are presented below.
A. Alkane segments. Each CH2 segment is represented by the two half-bonds of the carbon atom with the adjacent carbons (C-C-C "isosceles triangle") and by the two CH bonds (see Then, according to eqs (7, 8) we have for the polar part:
and for the uniaxial quadrupolar part:
( ) 
The parameter  changes sign with the handedness of the twisted domain [26] whereas the other parameters,
 are invariant to handedness inversion.
The n-decane molecule is terminated by two CH3 groups. These are treated as polar and uniaxial, with respective contributions In a uniaxial apolar nematic phase one obviously has vanishing values for the parameters 2 3 ,, CH CH pp , , , .
tt     In this case the PMT reduces to that of the chord model [32, 40] in its simplest (additive) form.
B. CB mesogenic units:
These are assumed to consist of a uniaxial and longitudinally polar CB cores, represented by a unit vector L, rigidly attached to which are linkage chords (see figure5) interacting with the solvent medium as in A above. The potential οf mean torque associated with such uniaxial CB cores is of the form:
Inversion of the handedness of the domain twisting implies the change of sign of the C parameter in eq (12), the other parameters being invariant to handedness inversion. In a uniaxial apolar nematic medium, all the terms in eq (12) vanish except for the second rank term proportional to A. In the case of mesogenic dimers, non-additive PMT terms formed by the two mesogenic units are significant, although neglected in the present calculation. In particular, a polar term accounting for the steric dipole formed by the two mesogenic units in nonlinear configurations is suggested by the molecular model in ref [26] . Such a term results from the polar correlations of a pair of mesogenic units attached at the two ends of the spacer chain of a single dimer. Denoting these mesogenic units by the unit vectors ˆ, LL +− and the direction of vector jointing their midpoints by d , this term has the form:
Here the possibility of the two mesogenic units being found at solute locations ( Z + , Z − ) corresponding to different directions of the twisting of the polar axis m , is explicitly indicated. Obviously, when the two mesogenic units are not collinear, the above term 
Determination of the order parameters and comparison with NMR measurements.
Using the PMT parts as formulated in eqs (10)-(11) we compute the averages indicated in eqs(1) and (4) according to the averaging procedure of eq (2) . These are then compared to the respective quantities obtained from the NMR measurements that are available in the N and NX phase of the CB7CB and CB9CB dimers. These measurements comprise decane quadrupolar splittings presented in section 2 and residual dipolar couplings of the CB7CB dimer in its neat nematic phases obtained from [35] .
There are also available NMR data, restricted to quadrupolar splittings of the α,ω positions of the CB7CB spacer [2] , quadrupolar splittings of 8CB, dissolved in the same dimer phases, and deuteriated at the  -position of the pendant chain [2] and also for the asymmetric dimer CB6OCB. [42] . Whilst these are straightforward to analyse in the same framework, they are not considered in this work because the information they convey is rather limited and their theoretical reproduction poses no challenge.
First, we note that, in all the cases to be analysed, the spectra are obtained for magnetically aligned samples, i.e. with the helix axis ˆh n of the NX phase, and hence with the macroscopic Z axis, held parallel to the magnetic field. Accordingly, the quantities to be averaged in eqs (1) and (3) involve only the Z-projections of the molecular site vectors ˆs e and are therefore unaffected by the Z-dependent rotation of the m , ˆh l local axes (see eq 5). Second, the above set of available experimental data from NMR is not detailed enough to provide a sufficiently restrictive testing of the parameterization used for the PMT parts in eqs (9) (10) (11) . We therefore proceed with simplifying approximations to reduce the number of independent parameters of the PMT, and test the transferability of these parameters among the different solute-solvent systems and temperatures. As the polar interactions are an essential feature in the NX phase, no significant simplification can be applied to the polar contributions. The non-polar contributions, on the other hand, are susceptible to further simplification in the context of a crude approximation. To this end we consider the second rank part of the PMT for the uniaxial core segment in eq(11):
and assume that the interaction tensor IJ LL S is uniaxial in its principal axis frame. This is to some extent justified by the small values obtained for the biaxiality in an explicit molecular model of primitive dimesogens leading to NPT phase ordering. [24] Since m is the local director of the phase, the principal axis frame is obtained by rotating , It is further assumed, for simplicity, that the second rank tensor of the chord segment potential in eq(11) is also uniaxial in its principal axis frame. The rotation angle about m by which the chord interaction tensor is diagonalized is denoted by Clearly these are only approximations, aimed at handling the limited information presently available from measurement, and it is by no means implied that they are characteristics of the NX phase. No such approximations where required, nor made, aside from the neglect of the marginal biaxiality, in the case of rigid solutes in the NX phase. Accordingly, these simplifications should not cause any confusion with the NΤΒ model wherein the presence of a unique local axis, which is a common principal axis of all the tensor quantities, is an exact property of the model: in the NΤΒ case the common principal axis is the nematic director n , undergoing the heliconical deformation, and due precisely to the full rotational symmetry about the local n all the molecular tensor quantities are uniaxial and there can be no transversely polar interaction of the solute molecules with the solvent medium.
Turning now to the polar terms, a simplifying approximation, in the spirit of the constant / A  ratio, is to treat the ratio of / chord core pp as a temperature independent constant. For the same reasons of simplification, the pitch h (equivalently, the wave vector k=2π/h) of the helical twisting of the polar director m , which determines the local environments sensed by the different segments of the extended solutes, is taken to be fixed, at some average value obtained from experiments, [3, 13, 43] The respective values of the splittings in the high teperature N phase are calculated in two ways:
Quadrupolar NMR splittings of decane in CB7CB and CB9CB
(i) Using the NPT model, as in the case of the NX phase, with the only difference that the solute molecule is now assumed to difuse to multiple domains of opposite handednes within the NMR time window. Accordingly the measured splitting is obtained as the average of the slittings that woud be obtained for each domain, thus eliminating any enantiotopic discrimination from the spectra. hence no enantiotopic discrimination in the spectra.
The results of the optimal calculated splittings in the two cases and the comparison with the expreimental values, presented in figure 6(a), show that a clearly better agreement (practically complete) is obtained with the model in (i), while the results with model (ii) show systematic deviations for CD1 and CD2. The optimal values of the fitting parameters in the high teperature N phase for each model are shown in figure 6(b). There it is apparent that the variation of the fiting parameters for the model in (i) is continuous across the N-NX phase transition whilst for the model in (ii) there are discontinuities in all three fitting parameters. indicates that the twisted environment induces a very small chiral imbalance to the decane solute.
Calculation of the residual dipolar couplings of the CB7CB dimer in its neat nematic phases.
A detailed set of the residual dipolar couplings (RDC) between carbon and hydrogen nuclei has been obtained in refs [2, 35] using proton-encoded 13 C 2D NMR experiments. The RDCs are measured at two temperatures corresponding to the high-and low-temperature nematic phases, N and NX respectively. These data offer the most detailed and direct description of the segmental ordering of the spacer of the CB7CB dimer, albeit at only two temperatures.
The theoretical reproduction of these measurements in the NX phase is performed by keeping the parameter ratios fixed to the temperature independent values [35] where it is stated that the assignments in positions 2 and 3 could be reversed. (b) Assignment of the measured residual dipolar couplings according to the optimal fitting.
In the high temperature nematic phase both models of the phase, the NU and the cluster NX model, give satisfactory fittings. These are shown in table II. In the NU model, the optimal fitting, with A and α allowed to vary independently, is obtained for for those of table II with the cluster NX model. These values indicate that the tendency towards chiral discrimination of enantiomeric molecular conformations of the dimer molecule are appreciable and therefore that the pseudovector contributions to the PMT in eq (6) are not entirely negligible. It should be kept in mind, however, that these fits are obtained after the drastic simplifications dictated by the need to reduce the number of the adjustable parameters in view of the limited data available for fitting. In particular, the omission of non-additive terms formed by the two mesogenic cores of the dimer molecule, such as the term in eq (13) , could influence significantly the calculations of quantities like Δ* without dramatically influencing the RDCs of the spacer.
Lastly, a comment about the low values of the core order parameters obtained both from experiment and calculation: These values are very low compared to those found in the nematic phase of conventional calamitic mesogens. However, a meaningful comparison should take into account that, while the maximum value of the order parameter for such molecules is 1 (corresponding to perfect alignment of the molecules along a given direction), the maximum value for a V-shaped molecule is significantly less than 1 as perfect alignment of both mesogenic "wings" along a given direction is geometrically impossible. An accordingly normalized measure of the order parameters of the mesogenic cores is of the dimers is provided by the reduced order parameters conventional calamitic compounds and also show the normally observed trend with temperature, i.e. increasing with decreasing temperature.
Discussion and Conclusions.
The experimental NMR information presented in section 2, comprising the probing of segmental ordering of the flexible and extended solute decane-d22 in the nematic phases formed by a range of mesogenic CBnCB dimers as solvents, as well as the measurement of the ordering of the mesogenic units of these dimers, offer new insights into the low temperature Nx phase exhibited by odd-spacer length dimers. These observations expand significantly the perceptions gained from previous NMR studies using small rigid solutes [2, 31] and selectively deuteriated nCB solutes [2] , as well as apparent insights from NMR measurements addressing directly the segmental ordering of the spacer in CBnCB molecules. [2, 4] The fact that this broad collection of experimental findings is rationalized and reproduced coherently by the polar-twisted nematic (NPT) shows that this model correctly describes the local symmetries and the molecular ordering, and short-pitch modulations thereof, in the NX phase. Viewed separately, some of the above sets of measurements, not being sufficiently detailed and hence necessarily restrictive, could be described and reproduced in different ways. [35, 44] The simultaneous reproduction, however, of all the above measurements, in terms of a small number of NPT modelparameters with high degree of transferability, as demonstrated in section 4, suggests that a physically-sound and consistent description of the NX phase has been achieved. This conclusion might prompt further, more detailed, experimental studies of segmental orientational order in the NX. Such studies could, on one hand, test the NPT model more severely. On the other hand, they could provide the opportunity for the deployment of the full parameterization of the model. As detailed in section 4, a simplification of this parameterisation was dictated by the relatively low information content of even the entire collection of the presently available experimental NMR studies. Additionally, the successful description of the molecular ordering in the NX phase in this study enabled a better understanding of the nature of the high temperature N phase, that in turn, lead to the suggestion that the latter N phase consists of clusters of the same structure as the polar, twisted NX domains, albeit of much smaller spatial extent.. Aside from the successful reproduction of the quadrupolar splittings and the RDCs, the assignment of the high temperature nematic phase (N) as a cybotactic cluster polar twisted phase (NCybPT) is consistent with and/or supported by a number of independent observations listed below:
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(i) The appearance of a maximum in the order parameter of the mesogenic units (Fig.2) followed by a decreasing tendency with decreasing temperature. This observation, together with the lack of enantiotopic discrimination in the N phase has been alternatively interpreted in a variety of ways. For example, picturing the N phase as a) a "tilted" nematic (similarly to the NX, in order to associate the non-monotonic temperature dependence of the ordering with a variation of the "tilt") but not "chiral" (unlike the NX, in order to justify the lack of enantiotopic discrimination); b) as a splay-bend phase [45] ; or c) a phase consisting generally of non-chiral molecular aggregates. [46] (ii) The qualitative similarity (and marginal quantitative difference) of the X-ray diffractograms across the N-NX phase transition [2, 12, 39] , indicating no change in the local (i.e. nanometer scale) molecular organization. (iii) The practically continuous variation of the measured dielectric anisotropy [10] across the N-NX phase transition, also indicating invariance of the local structure. (iv) The strong effect of an applied magnetic field on the I-N transition, [47] which can be interpreted as a result of the field addressing structured clusters rather than individual molecules. [48] [49] [50] [51] [52] (v) Molecular simulations [25] reproducing the essential features of the NX phase and showing no changes in the local position-orientation molecular correlations at the N-NX phase transition. (vi) The dramatic increase of the reorientational viscosity across the N-NX phase transition, allowing the measurement of NMR spectra with the director perpendicular to the magnetic field in the NX phase but not in the N phase. [4] This effect would be readily explicable in terms of the growth of polar-twisted clusters into macroscopic-size domains.
Although on its own, none of the above listed observations constitutes a definitive proof of the N = NCybPT assignment, the combination constitutes a very strong indication that this is a cybotactic phase. The cluster character of the high temperature N = NCybPT would naturally imply profound differences in the treatment of the deformation elasticity compared to the treatment of common ("molecular" uniaxial, apolar) nematics in the context of the Frank-Oseen elasticity theory. In particular, the often reported decrease of the bend elastic constant K3 on approaching the NX phase, typically measured through the threshold voltage in the Fredericks effect [3] would simply reflect the ease of realignment of clusters as the latter grow larger.
Lastly, the possible NPT-cluster character of the high temperature nematic phase of odd-dimers generally might entail a radically different rationalization of the well-known enhanced even-odd effect in the variation of the Nematic-to-Isotropic transition temperature for dimers. [53] [54] [55] In this case the dramatic variation could be related to the transition from isotropic to structurally different nematic phases, depending on the parity of the spacer: Conventional uniaxial nematic (NU) for even spacers vs NCybPT for odd spacers. 23 
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Appendix A. [56] ) A complete homologus series is shown with the shaded dimer names constituting the subjects of investigation in this work. Figure SI .1 shows the 2 H NMR spectra of decane-d22 in CB11CB for selected temperatures. In Figure SI 
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Order Parameters of the cyanobiphenyl mesogenic cores
Using the same sample (CB11CB with 2 wt% decane-d22), 13 C NMR spectra were recorded at 90.6 MHz. The sample was introduced into the spectrometer, and after equilibration to the desired temperature, 1000 scans were averaged with a spectral width of 36 kHz. An inverse gated pulse sequence ( 1 H decoupled during acquisition time) was used with a 90° pulse width of 11 μs and 2 s recycle time. The same procedure was used for CB9CB, CB7CB, and the monomer, 5CB. 13 C spectra of CB11CB at decreasing temperature with 1 H decoupling is shown in Figure  9 . In the oriented phase, the chemical shift anisotropy (CSA) of the cyano (CN) group causes it to overlap with the chemical shift of the aliphatic carbons. In order to identify the CN group, a 1 H coupled experiment was performed ( Figure 10 ). The CN peak does not have any observable dipolar coupling in the 1 H coupled experiment, so its chemical shift can be distinguished from the aliphatic peaks. The temperature dependence of the CN order parameter, SCN, is calculated using the observed chemical shifts in equations below. The observed chemical shift (δCN obs ) at each temperature and the isotropic chemical shift (δCN iso ) were used to calculate the anisotropic chemical shift (δCN aniso ) in the tables for 13C data with eqn (S.1). 
Splitting of methylene hydrogens for decane-d22 in CB7CB and a cholesteric nematic liquid crystal
For 2 wt% decane-d22 is dissolved in a normal cholesteric phase (that of cholesteryl nonanoate), the doubling of the C2 quadrupolar splitting does not occur ( Figure SI.9 ). This is a similar to the result in ref [27] for labeled nonanoic acid-d2 dissolved in cholesteryl nonanoate. [ 
